Groundwater is increasingly exploited for energy production in arid areas globally, which will inevitably disrupt the natural equilibrium of groundwater and the ecological environment. A groundwater flow model for Subei Lake basin, Ordos energy base, was developed and calibrated to predict groundwater levels' variation and the impact of heavy groundwater pumping on the ecological environment for the period 2010-2039 under two different pumping scenarios. Results showed that rainfall infiltration and groundwater evapotranspiration were the major source/sink terms for the groundwater system. The obvious groundwater depression cone will be formed in the production field at the end of 30 years and the maximum drawdown will be 11.70 m if the waterworks maintains the present situation. However, recovery of groundwater level will be obvious and the groundwater depression cone will disappear as a result of the implementation of the water diversion project. The increased volume of groundwater pumping between the two scenarios was derived from storage depletion, the activated lateral inflow, the captured groundwater evapotranspiration, lateral outflow and discharge into Subei Lake.
INTRODUCTION
Most of the world's large energy bases are located in arid and semi-arid areas where the ecological environment is very fragile, water shortages constrain local social-economic development and the construction of energy bases (Kahrl & Roland-Holst ; Siddiqi & Anadon ) .
Groundwater is essential for sustainable energy production in arid and semi-arid regions, but groundwater exploitation in arid areas will inevitably disrupt the natural equilibrium of groundwater and the ecological environment (Feng et al. ; Liu et al. ) . With the development of energy bases, a large number of groundwater well fields have been built and put into use to meet increasing water demand.
Groundwater overexploitation has changed dramatically the natural water cycle, causing tremendous changes in hydrochemical and hydrodynamic fields (Nakamura et al. ) . Consequently, the overexploitation of groundwater has broken the balance between hydrology and ecosystems, causing a series of hydro-ecological problems such as lake atrophy, desertification, vegetation degradation, etc. (Zhao has very important scientific significance and practical needs.
The Subei Lake basin is a good example of such areas where the groundwater system and ecological environment are impacted by over-pumping of groundwater for industrial purposes. It is representative of more than 400 lake basins with diverse sizes distributed in the Ordos artesian basin that contains the second largest coal reserves in China (Dai et al. ) . The Ordos energy base is a large-scale regional industrial zone integrated with coal mining, electrical power generation, and coal-based chemical industry. In energy bases, the industrial sector is the major user of water resources. In order to meet the water demand for energy production, several waterworks have been built in some lake basins, including Haolebaoji waterworks built in the Subei Lake basin (Hou et al. ) . However, the aquifer systems in these inland lake basins are currently subject to increasing pressure from altered hydrodynamic conditions associated with groundwater abstraction due to lack of a reasonable groundwater management strategy.
The geology and hydrogeology in Ordos energy base have been investigated by the China Geological Survey Bureau since the 1980s (Zhang et al. ; Hou et al. ) . In previous studies, the impact of the Energy Base Water Project on the groundwater has been identified by utilizing highfrequency groundwater level data in this ecologically sensitive area (Liu et al. ) . In addition, the impact of natural and anthropogenic factors on the geochemical evolution of groundwater in the Subei Lake basin has also been identified by using the techniques of hydrochemistry and stable isotopes (Liu et al. a, b) . The above research on the study area laid a solid foundation for the development of the hydrogeological conceptual model and groundwater flow model in the present study. Therefore, in order to fully quantify the hydrological and anthropogenic impacts on the groundwater regime, a high-precision groundwater flow model will be required to determine the exchange capacity of groundwater between the different source/sink terms, which can provide valuable information for local authority and researchers to make sustainable groundwater management in these lake basins.
Groundwater models play an important role in the development and management of groundwater resources and in predicting the effects of management measures. The present study aims to: (1) develop a three-dimensional groundwater flow model for analyzing groundwater budgets and scenario simulations; (2) predict the impacts of two different water resources management scenarios on groundwater levels, the Subei Lake and vegetation. The findings of this research can contribute to the heated discussion about the coordinated development between water and energy production in arid regions, and it will advance necessary knowledge for the sustainable groundwater management in such arid areas.
STUDY AREA Physiography
The Subei Lake basin, covering an area of 400 km Subei Lake and Kuisheng Lake ( Figure 1 ). Subei Lake, covering an area of about 6 km 2 , is located in the lowlying center of the study area, which is an inland alkaline lake; while Kuisheng Lake is also a perennial inland lake and is located in the northeastern corner of the study area, and covers 2 km 
).
The Subei Lake basin is a relatively closed hydrogeological unit given that a small quantity of lateral outflow occurs in a small part of the southern boundary (Wang et al. ) .
A phreatic aquifer and confined aquifer can be observed in the study area. According to Wang et al. () , the uncon- 
METHODOLOGY Governing equations
The numerical 
Groundwater model selection
The Groundwater Modeling System (GMS) software, which 
with various natural hydrological processes and anthropogenic activities, which can be readily incorporated into future studies for optimal groundwater management. Hydrogeological layers can be simulated as confined, unconfined, or a combination of the two. Boundary conditions include specified head, specified flux, and head-dependent flux.
Thus, GMS software was selected in the present study, and solution of the governing equations was achieved by using GMS software.
Model discretization
The numerical model covers an area of about 400 km 2 . The 
RESULTS

Calibration and validation results
Before the model was used to simulate future groundwater levels, calibration was carried out using historical data for Figure 5 and in a natural state, rainfall infiltration and groundwater evapotranspiration were the major source/sink terms for the groundwater system in the study area, which played a primary role in the groundwater circulation. This is also The amount of groundwater discharge to the Subei Lake will reduce sharply, which would result in the terrible situation that the area of the Subei Lake showed a declining trend year by year. For scenario 2, the variation of groundwater discharge to the Subei Lake can be divided into two to Subei Lake will be only 7.05 × 10 4 m 3 /a, indicating that the recovery of Subei Lake will be very slow. Therefore, groundwater pumping from Haolebaoji waterworks has caused a negative impact on Subei Lake to a certain degree and it will be very difficult for the area of Subei Lake to recover in a short time.
From the perspective of hydrogeology, the unconfined groundwater is the main recharge source for Subei Lake.
The production wells of Haolebaoji waterworks are all distributed in the upstream of Subei Lake. The overexploitation of the confined aquifer has caused a general piezometric decline and further induced a large downward leakage from the unconfined aquifer. Therefore, the unconfined groundwater that originally flowed towards Subei Lake was captured by the production wells for industrial use, which caused a significant decrease in groundwater discharge to Subei Lake and affected the normal ecological function of the lake. The impact of groundwater pumping on vegetation
The eco-environment is very fragile in the Subei Lake basin due to its dry climate and the scarcity of surface water. water pumping between the two scenarios was derived from storage depletion (33%), captured groundwater evapotranspiration (33%), activated lateral inflow (19%), captured lateral outflow (8%), and discharge into the Subei Lake (7%). Groundwater pumping from Haolebaoji waterworks has caused negative impact on Subei Lake and it will be very difficult for the area of Subei Lake to recover in a short time. In addition, it will cause the obvious degradation of phreatophytes but exert less impact on xerophytes for both scenarios.
An important contribution of this study is that it provides a framework for quantifying the potential impacts of groundwater pumping on lake and vegetation. Integrative water resources management measures include water-diversion projects, restricting heavy groundwater pumping from the production wells close to the lakes, monitoring of water level in the groundwater depression cone periodically, and developing a long-term monitoring network for assessment of the viability of the groundwater-dependent ecosystem. It should be noted that the production wells should be scientifically designed away from ecological sensitive areas such as inland lakes and phreatophytes. The construction of well fields in the upstream of such ecological sensitive areas should be avoided. This is an important first step but more remains to be done to improve sustainable groundwater management in the world's arid but industrially important regions.
